An integrated hydrogeological modelling approach applicable to hard-rock aquifers in semi-arid data-scarce Africa was developed using remote sensing, rainfall-runoff modelling, and a three-dimensional (3D) dynamic model. The integrated modelling approach was applied to the Hout catchment, Limpopo Province, South Africa, an important agricultural region where groundwater abstraction for irrigation doubled during [1968][1969][1970][1971][1972][1973][1974][1975][1976][1977][1978][1979][1980][1981][1982][1983][1984][1985][1986]. Since the 1960s, groundwater levels in irrigated areas have displayed extended periods of decline with partial or full recovery in response to major decadal rainfall events or periods. The integrated dynamic 3D hydrogeological flow model, based on the One-Water Hydrologic Flow Model (MODFLOW-OWHM), helped to understand recharge and flow processes and inform water use and management. Irrigation abstraction was estimated based on irrigated crop area delineated using the Landsat Normalized Difference Vegetation Index (NDVI) and crop water requirements. Using groundwater level data, the model was calibrated (2008-2012) and validated (2013-2015). Estimated mean diffuse recharge (3.3 ± 2.5% of annual rainfall) compared well with estimates from the Precipitation Runoff Modelling System model. Recharge and groundwater storage showed significant inter-annual variability. The ephemeral river was found to be losing, with mean net flux to the aquifer (focused recharge) of~1.1% of annual rainfall. The results indicate a delicate human-natural system reliant on the small but highly variable recharge, propagating through variable pumping to an even more variable storage, making the combined system vulnerable to climate and anthropogenic changes. The integrated modelling is fundamental for understanding spatio-temporal variability in key parameters required for managing the groundwater resource sustainably.
Introduction
Integrated hydrogeological models consider feedback processes that affect the timing and rate of evapotranspiration, surface runoff, unsaturated flow and groundwater interactions (Markstrom et al. 2008) . Unlike classical groundwater models, which require external estimation of recharge and evapotranspiration fluxes, integrated hydrogeological models use internal modules to calculate these fluxes and link them to the groundwater system (Xu et al. 2012) . They are useful to develop conjunctive surface/groundwater-resource-management plans and test water management scenarios that take into account complex interactions of the hydrological system, particularly in a changing climate. According to the NGWA (2017) inventory, integrated hydrogeological models can be grouped into three categories depending on the governing equation used for simulating saturated and unsaturated flows and the level of integrations across sub-systems: (1) fully integrated models (e.g. MIKE SHE; Abbott et al. 1986a Abbott et al. , 1986b -that simultaneously solve the governing equation of surface water (i.e., the Saint Venant equation, which describes unsteady flow on the land surface) and groundwater flow (i.e., the Richards equation, which describes unsteady flow through a variably saturated porous medium), (2) automatically coupled models, which simulate separate regions of the hydrologic and hydrogeological systems and integrate them through boundary condition links using an iterative matrix solution method (e.g., GSFLOW; Markstrom et al. 2008) , and (3) manually coupled models, which use separate surface and groundwater models set up independently and are calibrated to common observation data (e.g., SWAT-MODFLOW; Sophocleous and Perkins 2000; Kim et al. 2008) . Model selection depends on knowledge of the natural system, model functionality matching to the water resource problem being solved, available data, and computational requirements (Dogrul et al. 2016) .
In support of sustainable groundwater use in irrigated agriculture, integrated hydrogeological models of varying complexity have been applied worldwide. Shu et al. (2012) and Qin et al. (2013) applied MIKE SHE to analyse the water balance components and to assess water management options in the North China Plains. Faunt (2009) and Hanson et al. (2014a Hanson et al. ( , 2015 applied the MODFLOW-based OneWater Hydrologic Flow Model (MODFLOW-OWHM) to assess groundwater availability in three different case studies in California. Bushira et al. (2017) used MODFLOW-OWHM to assess surface-water/groundwater interactions and dynamics in the Colorado River Delta aquifer in Mexico, while Hassan et al. (2014) used GSFLOW to assess surface watergroundwater interactions in a hard rock aquifer of the Sardon Catchment, western Spain.
Hard rock aquifers, which are generally hydrogeologically complex and less prolific due to their relatively limited or highly heterogeneous water storage and yields (Dewandel et al. 2006) , are particularly prevalent in semi-arid and arid areas (Maréchal et al. 2004; MacDonald et al. 2009 ) and are often the primary water source for large populations (Titus et al. 2009 ). This indicates that these aquifer types are vulnerable to drought and overexploitation (Villholth et al. 2013) and hence critical to understand and to model in order to support water security, resilience and sustainable groundwater management (Ahmed et al. 2008) . However, integrated catchment-scale assessments in these settings, where the temporal-spatial variation of recharge is determined as an integral aspect of the modelling, are presently relatively rare (Ahmed et al. 2008) .
Agriculture in the Hout catchment, Limpopo Province, South Africa, is heavily dependent on groundwater for irrigation and other uses because surface water is limited or intermittent. There was a doubling in groundwater abstraction for irrigation from 9.0 × 10 6 to 21 × 10 6 m 3 /year from 1968 to 1986 (Jolly 1986) . Groundwater is also used for domestic supply and livestock; however, groundwater abstraction in the area has been reported by FAO (2004) to exceed average recharge over multiple years and leading to unsustainable development. Therefore, with increasing demand for food, and climate change potentially affecting recharge as well as water demand, sustainable management of groundwater resources is becoming increasingly important for sustainable food production and economic development in the area. This requires better understanding of the groundwater dynamics, the water balance and trends therein.
The main aim of this study was to develop an integrated hydrogeological modelling approach to support guidance on groundwater and agricultural water management solutions in semi-arid hard rock terrain, using the Hout catchment as a case study. A combined approach, which allows the utilization of remote sensing and rainfall-runoff modelling in 3D hydrogeological modelling was developed to overcome lack of data (e.g. on groundwater abstraction) in a data scarce setting. Gaps in understanding and modelling capability were identified. Finally, the model was applied to understand the relative magnitude of abstraction licenses relative to actual (simulated) abstractions.
Study area
The Hout catchment is located 60 km northwest of Polokwane city ( Fig. 1) and has an area of 2,478 km 2 . The catchment area is divided into three quaternary (fourth-order) catchments (A71E, A71F, and A71G). Catchment elevation ranges from 840 to 1,739 m above mean sea level (mamsl). Hout River is a tributary to the Sand River, which drains into the Limpopo River. Hout River is an ephemeral river that flows intermittently following large and intense precipitation events during the wet season. The Hout River Dam is the only large dam on the Hout River. The climate is semi-arid, with an annual long-term mean precipitation of 407 mm/year (Dendron climate station, 1972 (Dendron climate station, -2015 . The soil type is sandy, and Luvisols cover about 56% of the area-see section S1, Fig. S1 and Table S1 of the electronic supplementary material (ESM). The area is known for its potato production (van der Waals et al. 2004 ). Centre pivot is the main irrigation system used. Natural vegetation and agricultural land (including irrigated and nonirrigated fields) cover about 63 and 25% of the catchment area, respectively ( Fig. 2a and Table 1 ). The geology is characterized by the crystalline basement complex of the Hout River Gneiss (loosely defined as 'hard rock') throughout the catchment (Holland 2011) . Nearly vertical dolerite dikes intrude across the subsurface, and secondary fractures formed by and adjacent to dike intrusion constitute higher permeability zones, which have been targeted for groundwater development in similar geology all over South Africa (du Toit 2001) . According to Jolly (1986) , the study area consists of two aquifers: a weathered gneiss aquifer (12-50 m below the ground) and a fractured gneiss aquifer below the weathered zone that extends up to 120 m below the ground, whereby the fractured lower aquifer is known as high yielding due to fractures collecting water, and the upper weathered aquifer is low-yielding (Jolly 1986) . In most cases, the water table is deeper than the weathered zone (Holland 2012) ; hence, and due to higher yields, the deep aquifer represents the zone screened by most production wells in the area (Holland 2011 (Holland , 2012 .
Methodology
Application of a hydrogeological model for better understanding and management of the groundwater resources in the Hout catchment was recommended long ago (Vegter 2003) . The groundwater flow system was modelled with MODFLOW- Fig. 1 Location of Hout and Sand catchments within the larger Limpopo River basin (indicated in Africa map). Geology (1:1 million scale) obtained from Council for Geoscience. Observation points are indicated OWHM (Hanson et al. 2014b ) using the ModelMuse graphic user interface (Winston 2009 ). To constrain the simulated runoff by MODFLOW-OWHM, a rainfall-runoff model was developed for the combined Hout and Sand catchments using the Precipitation Runoff Modelling System (PRMS) and calibrated with streamflow measured at the outlet of the Sand catchment (A7H010 gauging station, Fig. 1 ). This was done because there is no river gauging station in the Hout catchment.
Groundwater flow in the fractured rock aquifer, as well as in the weathered region, was simulated assuming an equivalent porous medium (EPM) approach (Long et al. 1982) , where fractures are assumed to form a network of interconnected conduits analogous to a continuous pore space within a granular medium (Kaehler and Hsieh 1994) . This assumption is valid where fractures are prolific, and fracture openings are relatively small compared to the rock volume containing the fractures, and these openings are interconnected (Tiedeman et al. 2003) . The EPM approach has been successfully applied in fractured rock aquifers (Tiedeman et al. 2003; Varalakshmi et al. 2012; Hassan et al. 2014 ) and in highly heterogeneous karst aquifers (Larocque et al. 1999; Scanlon et al. 2003; Ghasemizadeh et al. 2015) .
Hydrogeological model description
MODFLOW-OWHM is an integrated hydrogeological model, designed for analysing combined processes and use of groundwater, unsaturated zone and surface water processes of the hydrological cycle for irrigated and nonirrigated areas. The model was originally developed in response to a general (Harbaugh 2005) . MODFLOW-OWHM also includes primary packages such as the Streamflow Routing and River package to simulate surface-water/groundwater interaction in rivers and streams, the Unsaturated-Zone Flow (UZF1) package to simulate water flow and storage in the unsaturated zone, and the Horizontal Flow Barrier (HFB) package to simulate barriers to flow such as dikes. In the present model, the riveraquifer interaction was represented using the Streamflow Routing (SFR2) package (Niswonger and Prudic 2005) . The HFB package was also applied; however, the unsaturated zone processes below the root zone were not modelled; hence, direct recharge out of the root zone, which was simulated as part of the Farm Process package, was assumed. MODFLOW-OWHM simulates evaporation and transpiration components based on precipitation, irrigation, and groundwater levels on a cell-by-cell basis within userdefined water balance regions or farm zones (Hanson et al. 2010) . The core concept of the model is to internally calculate crop irrigation requirement and allocate surface and/or groundwater irrigation supplies to meet those demands that cannot be met by precipitation and root uptake directly from groundwater. MODFLOW-OWHM does not simulate soilmoisture storage change in the root zone. The model applies a steady-state soil-moisture assumption for the root zone, of which the appropriateness has been tested with a HYDRUS-2D soil-column simulation representing shallow-tomedium-depth root zone for irrigated soil, and has been found to be valid for longer time steps, on the order of weeks or longer (Schmid et al. 2006) . All inflow into the root zone is assumed to be in balance with outflows from the root zone for each time step; although, in reality, the root zone is part of the unsaturated zone, in MODFLOW-OWHM, the root zone is conceptualized separately from the unsaturated zone. When the optional UZF1 package (Niswonger et al. 2006 ) is used with FMP package, recharge leaving the root zone is passed to the UZF1 package as infiltration. The UZF1 package then simulates unsaturated zone processes below the rootzone such as exfiltration when the infiltration rate exceeds the hydraulic conductivity of the unsaturated zone, rejected infiltration in the riparian areas (due to high groundwater levels), and delayed recharge beneath the root zone. Evapotranspiration should not be simulated in the UZF1 package when used with FMP package; otherwise, there could be a double accounting of evapotranspiration. If UZF1 is not activated, recharge from the root zone passes directly to the uppermost active aquifer layer.
Crop consumptive use-actual evapotranspiration (ET)-which includes both crop transpiration and evaporation in all land use types is calculated using Eq. (1). To simplify calculations, transpiration and evaporation per grid cell were assumed to occur in vegetated and nonvegetated areas of each land use type, respectively. To represent the crop transpiration and soil evaporation process separately, the model applied two user-defined time-variable parameters, a transpiration fraction (k T ) and an evaporation fraction (k E ) to represent relative fractions of the evapotranspiration within a given land use type. Transpiration (T) from vegetated area was calculated using Eq. (2) and the evaporation (E) from nonvegetated area within a given land use type was calculated using Eqs. (3) and (4). The transpiration fraction was assumed independent of whether the crop evapotranspiration is satisfied by irrigation, precipitation, or groundwater uptake. Evaporation from nonvegetated area, on the other hand, was calculated differently for precipitation and irrigation as a source, as it depends on wetted area. Evaporation from precipitation was assumed to occur over the entire nonvegetated area exposed to water input, because all nonvegetated area will be wetted, such that the fraction of evaporation from precipitation is k P E ¼ 1−k T . Unlike the soil surface wetted by precipitation, the exposed areas wetted by irrigation may not be entirely wetted. In this case, the evaporation fraction from irrigation is k i E < 1−k T . The extent to which the exposed area is wetted depends on the irrigation method. For example, for irrigation methods like basin flooding irrigation, a complete inundation of the nonvegetated area is expected, and thus k i E ¼ 1−k T , while for e.g. centre pivot, irrigation; k i E < 1−k T . The partitioning of evapotranspiration into soil evaporation and crop transpiration is dependent on the growth stage of the crop. During crop emergence, soil evaporation predominates (at sowing, nearly 100% of ET comes from evaporation (k T = 0), but once the crop is well developed and completely covers the soil, transpiration becomes the main process (Allen et al. 1998)) . The model used similar methodology previously described to estimate evapotranspiration for a wide variety of land uses, including natural vegetation, fallow fields, waterbodies and urban landscape settings, using adapted values for the coefficients mentioned in the preceding.
where ET is the actual evapotranspiration (m/day), kc is the seasonally dependent crop-specific coefficient (−) and ET O is the potential evapotranspiration rate (m/day).
when water source is precipitation
Surface runoff per grid cell was calculated as a sum of the excess irrigation and the excess precipitation (Eq. 5). The fractions of excess precipitation and excess irrigation that become surface runoff (IE SWP and IE SWI , respectively) were user-specified and depended on irrigation method. Depending on whether higher or lower intensity rainfall was dominating the stress period, IE SWP per land use could be specified either closer to 1.0 or 0.0 (Schmid 2004 ). For the current study, however, constant values for each land use type were used. Surface runoff was discharged directly to the nearest stream segment (no routing on the soil surface was considered) and routed through the channel system using SFR2 (section 'River-aquifer interactions').
Actual evaporation and transpiration from precipitation (m/day) IE SWI Fraction of excess irrigation that becomes surface runoff (-) IE SWP Fraction of excess precipitation that becomes surface runoff (-)
Under standard nongroundwater-influenced crop conditions, ET P is calculated using Eqs. (6) and (7). In the case of Eq. (6), the supply from precipitation needs to be supplemented by irrigation in order to satisfy the necessary crop transpiration requirements.
Net groundwater recharge (R n ) was calculated as the sum of percolation below the root zone arising from excess precipitation (P -ET P ) and excess irrigation (I -CIR) minus surface runoff and direct evapotranspiration from groundwater (ET GW ; Eq. 8).
Direct evapotranspiration from groundwater was calculated as a lumped value of separate evaporation and transpiration from groundwater in vegetated and nonvegetated areas per grid cell. The extinction depth for transpiration from groundwater was assumed to be the ground surface minus root depth minus thickness of the capillary fringe, while for evaporation from groundwater, it was assumed to be ground surface minus thickness of the capillary fringe (section S2 of the ESM). Transpiration from groundwater was assumed to increase from zero when the water table rises above the transpiration extinction depth and reach maximum when the water table is at the root zone depth, then decrease again to zero when the groundwater level rises to ground surface to account for transpiration restriction due to lack of aeration. The evaporation from groundwater over exposed noncropped areas was assumed to decrease linearly from maximum evaporation when the highest point of the capillary fringe is at the ground surface to zero at the evaporation extinction depth (Schmid et al. 2006) .
Crop irrigation requirements (CIR) were calculated as a sum of transpiratory and evaporative crop irrigation requirements (Eq. 9). The transpiration requirement from irrigation (T i ) is equal to actual (assumed the optimal) crop transpiration (T c-act ) minus actual crop transpiration satisfied by precipitation (T p-act ) minus actual transpiration from groundwater by root uptake (T gw-act ). The evaporation requirement from irrigation (E i ) was assumed to vary proportionally to transpiration, and equality between E i /T i and k i E / k T was assumed (Schmid et al. 2006) ; hence,
Hydrogeological model setup
Conceptual model
The active model domain covers the Hout catchment (2,478 km 2 ). The lateral model boundaries are coincident with the watershed divide determined by surface-water runoff. Holland and Witthüser (2011) presented a conceptual hydrogeological model of the area. A generalized 3D geological and hydrogeological conceptual model for crystalline aquifers can be found in Ahmed (2008) and Dewandel et al. (2006) . Geologically, the aquifer system includes the weathered zone above the fractured rock (Jolly 1986 ). According to Jolly (1986) , the weathered aquifer is unconfined to semi-confined, and the fractured rock aquifer is confined.
The aquifer is dissected by dikes; however, the role of dikes in relation to the groundwater flow in the area is largely unknown. Based on pumping tests in a cave sandstone aquifer in Botswana, Morel and Wikramaratna (1982) reported that the transmissivity of dolerite dikes is at least a hundred times smaller than the transmissivity for a cave sandstone aquifer. Another study in Botswana, by Bromley et al. (1994) , found that dolerite dikes less than 10 m in thickness tend to be permeable due to cooling joints and fractures that generate hydraulic continuity across the intrusion, whereas thicker dolerite dikes serve as groundwater barriers. In the present study, dikes were assumed to constrain flow and modelled using the HFB package (Hsieh and Freckleton 1993) , as demonstrated in Faunt et al. (2004) . The dikes were assumed to be vertical, extend throughout the formation, and protrude to the surface of the ground. Dikes shown in Fig. 1 were included in the model. In HFB, the dikes were conceptualized as being located in the boundary between two adjacent finite difference cells. HFB reduces the horizontal hydraulic conductance of the two cells adjacent to the dike equally to account for the barriers. The HFB package allows the capability to use the dike hydraulic characteristic (Dike hydr is hydraulic conductivity of the dike divided by the thickness of the dike) as a calibration parameter.
The mechanisms for recharge to the aquifer considered were diffuse recharge from precipitation, irrigation return flows from irrigated areas, and focused recharge from the river. Net discharge from the catchment occurs through evapotranspiration, lateral groundwater outflow, groundwater pumping (domestic and stock watering), and streamflow.
Model discretization
The model domain was discretized into 1,036 rows and 482 columns (499,352 cells) with a uniform grid size of 100 m × 100 m. The model was divided vertically into two layers; the top layer representing the weathered zone, and the bottom layer representing the fractured rock aquifer. The Hout River Gneiss covers about 82% of the study area, and there is no distinct difference in geology; hence, spatially individually homogenous layers were assumed. The upper layer was represented in the model as an unconfined aquifer, while the bottom layer was treated as a convertible layer, to allow switch between confined and unconfined conditions when the upper layer becomes dry or rewets. The top elevation of the upper layer was determined from the 20 m × 20 m digital elevation model obtained from Riskscape (2017) . Weathering depth was determined from interpolated (kriging) lithological well log data from the National Groundwater Archive (NGA; section S3 and Fig. S3 of the ESM). Based on interpolated weathering depth and an assumed uniform total aquifer thickness of 120 m (Jolly 1986 ), spatially variable thickness was defined for the fractured aquifer layer as the difference. The 9-year simulation period (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) was divided into 108 monthly stress periods. Each stress period, within which all model inputs on stresses like climate remained constant, was further divided into bimonthly computational time steps; hence, time series data input, like rainfall, was on a monthly basis.
Boundary and initial conditions
An impermeable watershed boundary was assumed along all sides of the model except for a 6-km stretch along the catchment outlet (Fig. S4 of the ESM), which is justified by the piezometric surface generated from observed spatially interpolated hydraulic heads. Holland (2011) also reported that groundwater flow in the area generally follows topography. A general head boundary (GHB) was specified at the catchment outlet based on observed water level data at monitoring well A7N0019 after correcting for elevation difference and water level gradient (section S5 and Fig. S4 of the ESM). The model was assumed impervious at the bottom, 120 m below the ground surface. Initial conditions were defined based on interpolated (using kriging) observed water level data for the period of 2005-2007 (section S4 and Fig. S4 of the ESM). To further smooth out the initial interpolated surface, a transient model for year 2007 was run repeatedly six times to establish dynamic equilibrium as demonstrated by Barlow and Dickerman (2001) .
Groundwater pumping Domestic and stock watering pumping Abstraction for municipal and domestic supply was specified based on reported and estimated values. The annual total domestic abstraction from groundwater for the three quaternary catchments was obtained from Lombaard et al. (2015) and was 4.1 × 10 6 m 3 /year (11,233 m 3 /day). The total volume was distributed evenly in time across 106 existing domestic wells identified from NGA. Similarly, livestock water requirements were estimated using data on licensed stock watering wells from the Department of Water and Sanitation (DWS). The total registered licensed volume for 14 licensed livestock watering wells was 109,724 m 3 /year (300 m 3 /day). In general, groundwater pumping for domestic and stock watering was small compared to irrigation pumping.
Irrigation pumping Groundwater abstraction in irrigated fields was estimated indirectly from crop consumptive use (ET). The actually irrigated fields were delineated seasonally using remotely sensed data. The total irrigation water requirement represents the amount of water necessary for a particular crop's consumptive use under ideal conditions and associated irrigation losses. Since all irrigated agriculture in the study area was supplied by groundwater, no surface-water delivery was assumed. The estimation of irrigation abstraction in the model consisted of the following five steps.
Determining crop evapotranspiration (ET) requirement for
actually irrigated areas per farm zone. The study area was divided into 193 farm zones based on landownership. These include all areas: irrigated and nonirrigated cropland, urban areas, and areas of natural vegetation (Fig. 2a) . 2. Calculating the net crop irrigation requirement by subtracting from ET the part satisfied by precipitation and groundwater uptake by deep-rooted plants. 3. Calculating total crop irrigation requirements by dividing the net crop irrigation requirement by an on-farm irrigation efficiency.
4. Determining crop irrigation pumping volume by multiplying the total irrigation water requirements by actually irrigated area per farm zone. 5. Determining the irrigation abstraction per well per farm zone by dividing the total irrigation pumping volume per farm zone by the number of existing irrigation wells in each farm. The locations of existing irrigation wells were obtained from NGA.
ET o rates used as time series input were determined using the Hargreaves method (Hargreaves and Samani 1985) based on temperature data from Polokwane meteorological station. Monthly rainfall input data were calculated from daily rainfall data from six rainfall stations within or close to the catchment (Fig. 1) obtained from the South African Weather Service. The Thiessen polygon method was used to obtain spatially distributed rainfall values (section S5 and Fig. S5 of the ESM) . Thickness of the capillary fringe varies inversely with the pore size of the soil material and was determined from Hanson et al. (2015) to be 1.3 m, assuming sandy loam.
Land use in the area was divided into five classes consisting of cultivated areas, degraded land, natural vegetation, urban built-up areas, and water bodies (Fig. 2a) . Figure 2a also indicates the delineation of farm zones. Table 1 presents the percentage area of each land use type. The cultivated areas were further divided into irrigated areas and nonirrigated areas (or rather equipped or not equipped for irrigation). Areas equipped with irrigation, which are potentially irrigated, and rainfed agricultural areas are shown in Fig.  2b . The area equipped for irrigation is about 9% of the catchment area. The nonirrigated cultivated areas included rainfed agriculture or fallow areas. The land use/land cover map shown in Fig. 2a was used as a background map and overlaid with temporally varying actually irrigated areas delineated with the NDVI threshold method to identify which particular equipped areas were irrigated during each cropping season (section S7 of the ESM). Figure 2b was used as a mask for delineating irrigated areas using the NDV threshold method. The irrigated crops were assumed to consist of potato exclusively. This simplification was introduced, because details of other minor (mostly vegetable crops) were not known, and because ET patterns would be similar.
The initial, mid, and end of season crop coefficients (kc), as well as the duration for the initial, mid, and late growth stages for potato, were based on literature values (Allen et al. 1998; Hanson et al. 2015) . The length of the full potato-cropping period was assumed to be 4.5 months. According to Franke et al. (2013) , Limpopo Province experiences two main planting periods for potato, namely the early planting period, which goes from late February to March, and the main planting period, which starts in May and continues through the winter (dry season) till end of July, with June as peak planting month.
Due to the nonsymmetric spatial pattern in the planting and harvesting periods in the study area, and lack of detailed data, planting dates were assumed to be staggered uniformly from late February to end of July, and based on this assumption, composite kc values for each month of the year were calculated and applied uniformly across the irrigated fields. Figure S6 of the ESM shows kc values for potato as a single crop and the composite kc values over the calendar year for staggered cultivation; hence, each field was not distinctively specified with a kc curve, but rather the applicable composite kc values were applied if a field was identified as cropped in a particular season. A constant maximum root depth of 0.6 m for potato was used (DAFF 2013). The irrigation efficiency (only centre pivot) was set at 0.85 (New and Fipps 2000; Howell 2003 ). The transpiration fraction of consumptive use (k T ), the fraction of evaporation from precipitation (k P E ) and the fraction of evaporation from irrigation (k i E ) were determined for each land use type based on Hanson et al. (2015) . The fraction of surface runoff from precipitation (IE SWP ), assumed constant per land use type, was determined using initial manual model calibration by comparing surface runoff simulated by MODFLOW-OWHM against PRMS calibrated surface runoff. This value was then kept constant during the subsequent automatic calibration of the MOFLOW-OWHM for the Hout catchment. Estimated and calibrated parameter values are presented in Table S2 of the ESM.
To delineate areas actually irrigated, a method based on an NDVI threshold (section S8 of the ESM) was used (Pervez et al. 2014) . First, to determine the period(s) of the year of maximum greenness in the area due to crop growth, moderate resolution imaging spectroradiometer (MODIS) NDVI maps were used as they have good temporal resolution (as often as days; Ozdogan et al. 2010) . Mean monthly NDVI for areas equipped for irrigation were calculated based on MODIS 16 (every 16 days), and based on this, two crop growth (and irrigation) peak periods were identified: one in April and another in September (Fig. S7 of the ESM). Two Landsat images (one for each season) for every year were subsequently used to represent these two peak seasons and identify actually irrigated areas in each season (Table S3 of the ESM). Landsat was used because of the good spatial resolution (30 m). Each map (snapshot) was assumed representative of the corresponding season. The mean irrigated area delineated with the method during the simulation period for the dry (February-August) and wet periods (September-December) are 2,339 and 2,255 ha, respectively (Table S4 of the ESM). The coefficients of variation in irrigated area during the dry and wet period are 1.7 and 11.2%, respectively. The mean actually irrigated area as percentage of area equipped for irrigation during the dry period is about 10.4%, and for both dry and wet period is about 20.5% (Table S4 of the ESM). It should be noted that irrigated area delineation during the wet period was associated with larger uncertainties, because during this period, natural vegetation may have NDVI very similar to irrigated crops (section S7 of the ESM).
River-aquifer interactions
River-aquifer flux exchange was simulated using SFR2 (section S8 of the ESM). The Hout River channels were divided into five stream segments (Fig. S8 of the ESM) and the river channel cross-sections were assumed rectangular. Water added by precipitation directly on the stream channels and water removed by evapotranspiration directly from the stream channels were assumed to be negligible and disregarded. Surface runoff entering stream segments were calculated based on user-defined fractions (IE SWP and IE SWI ) in the FMP package. For the purpose of parametrization, the stream segments were grouped into two, upstream (segments 1, 2, and 4; see Fig. S8 of the ESM) and downstream segments (3 and 5). Uniform vertical streambed hydraulic conductivities and Manning roughness coefficients were assigned for stream segments in the same group. The thickness of the streambed material was assumed to be 1 m for all segments. Streambed elevation and river channel cross-section was extracted from the digital elevation model. Initial calibration values for the Manning roughness coefficients were obtained from the literature (Arcement and Schneider 1989) and the final values were determined through model calibration together with the streambed hydraulic conductivity. Input parameters and data used in SFR2 are listed in Table S5 of the ESM.
Rainfall-runoff modelling using the precipitation-runoff modelling system (PRMS)
Independent streamflow and recharge estimations were carried out for the Hout and Sand catchments using the PRMS model, which is a distributed parameter rainfall-runoff model (Leavesley et al. 1983 (Leavesley et al. , 1995 . Distributed parameter capabilities are provided by partitioning the watershed into hydrologically similar units, called hydrologic response units (HRUs). Each HRU is conceptualized as a parallel series of reservoirs representing an impervious surface zone, the root zone, the subsurface, and the groundwater, whose outflows combine to produce surface runoff ( Fig. 3 and section S9 of the ESM). Since the Hout River is ungauged, PRMS modelling was carried out for the larger and gauged Sand River catchment (7,731 km 2 ), encompassing the Hout sub-catchment, using river discharge data from the A7H010 gauging station (Fig. 1 ). HRUs were delineated based on topography and this resulted in 59 HRUs (Fig. S9 of the ESM) .
The PRMS model was applied using observed streamflow data 2003-2015. The model was run on a daily time step, but the calibration comparison was done using monthly streamflow data. Automated parameter calibration was carried out using the shuffled complex evolution (SCE) global search algorithm implemented in the LUCA (Let Us Calibrate) software (Hay et al. 2006) , which contains a dedicated multipleobjective, stepwise automated procedure for PRMS calibration and an associated graphic user interface. The first year was used as a spin-up period, the data from 2004 to 2012 were used for model calibration, and data from 2013 to 2015 were used to validate the model.
MODFLOW-OWHM calibration and validation
The hydrogeological model for the Hout catchment was calibrated (2008) (2009) (2010) (2011) (2012) and validated (2013-2015) using observed groundwater level data for 10 monitoring wells measured to various extent. Year 2007 was used as a spin-up period, subsequent to initial condition stabilisation, and no calibration was attempted during this period. Initial estimates of the aquifer system properties were made based on past studies in the study area (Jolly 1986; du Toit 2001; Holland 2011 ) and other literature for weathered-fractured aquifers (Rushton and Weller 1985; Maréchal et al. 2004; Ahmed et al. 2008) . The mean hydraulic conductivity calculated from mean saturated thickness and transmissivity reported in Holland and Witthüser (2011) was 0.71 m/day. A hydraulic conductivity of 0.38 m/day (geometric mean) was reported in a weathered-fractured aquifer in India using slug tests (Maréchal et al. 2004) . Pumping tests by Rushton and Weller (1985) conducted in a granite aquifer in India resulted in hydraulic conductivities of 3.0 and 5.0 m/day for the weathered and fractured rock aquifer, respectively. Specific yield and specific storage of 1 × 10 −2 and 2.5 × 10 −3 were reported by Rushton and Weller (1985) for the weathered and fractured zones, respectively, in India. The storage parameters from Rushton and Weller (1985) were directly used in Jolly (1986) for calculating groundwater storage in the Doringlaagte sub-catchment of the Hout catchment. Holland (2011) reported average storativity of 5 × 10 −2 for the Limpopo Plateau, which includes the study area. The values of vertical hydraulic conductivities were estimated to be an order of magnitude smaller than the corresponding horizontal hydraulic conductivity values, generating anisotropy ranges of Kv = Kh/10 (Maréchal et al. 2004) . Model parameter sensitivity analysis using the parameter estimation code PEST (Doherty 1994 ) was initially conducted for 10 aquifer related parameters (section S10 and Fig. S10 of the ESM). The pilot point calibration approach (Doherty 2003 ) was used to spatially vary and calibrate the most sensitive parameters; however, due to computational limitations, only the most sensitive parameter, the specific storage of the lower layer, was calibrated using the pilot point approach. Other parameters were included in the calibration, but assuming they were spatially uniform. One of the advantages of the pilot point approach is that it does not require prior definition of zonation, rather the calibration process itself decides where heterogeneity exists within the model domain for model outcomes to match measured data. This approach is more likely to approximate geological reality than a distribution based on predetermined zoning of uniform hydraulic property values (Doherty 2003) . In the pilot point approach, hydraulic property values are initially assigned to a set of points distributed throughout the model domain and parameter estimation is carried out at the pilot points. Parameter values are then distributed from the pilot points to grid cells through spatial interpolation (kriging).
The calibration was carried out in two steps-(1) the fraction of precipitation that becomes surface runoff (IE SWP ) was adjusted using manual calibration by comparing the surface runoff from the MODFLOW-OWHM with runoff estimated using the calibrated PRMS for the Hout sub-catchment of the Sand catchment; (2) assuming the manually calibrated IE SWP is fixed, automated calibration was performed using PEST. In total, 38 parameters were calibrated (Table S7 of the ESM). The adjustable parameters were horizontal hydraulic conductivity in layer 1 (upper layer) (Kh 1 ) and layer 2 (lower layer) (Kh 2 ), vertical hydraulic conductivity in layer 1 (Kv 1 ) and layer 2 (Kv 2 ), specific yield in layer 1 (Sy 1 ), specific yield in layer 2 (Sy 2 ), 24 pilot points for specific storage in layer 2 (Ss 2 ), horizontal anisotropy in layer 1 (Hani 1 ) and layer 2 (Hani 2 ), GHB conductance (GHB cond ) and hydraulic characteristic of dikes (Dike hydr ), streambed vertical hydraulic conductivity for stream segments 1, 2 and 4 (kvr 124 ), and for 3 and 5 (kvr 35 ), Manning roughness coefficient for stream segments 1,2 and 4 (n 124 ), and for stream segments 3 and 5 (n 35 ). The location of the 24 pilot points used for calibration of specific storage and final values are shown in Fig. S11 of the ESM. Overall, good measure of fit of observed and simulated water levels was achieved (data not shown); however, in most cases, the simulated water levels were too high. Therefore, in the second step, the IE SWP value was adjusted iteratively within the range of Hanson et al. (2015) reported values in order to obtain better measure of fit to water levels. This also accounted partially for constant losses through evaporation from dams and farm ponds, which were not considered in the first step.
Results

PRMS calibration and validation
The Nash-Sutcliff efficiency (NSE) between the observed and simulated streamflow during the calibration and validation period were 0.72 and 0.53, respectively; Fig. 4 shows the observed and simulated monthly streamflow hydrograph for the calibration and validation period. Parameter ranges and calibrated values are presented in Table S6 of the ESM. In general, there is a good correlation between the observed and simulated hydrographs; however, it seems that the model underestimates the peak flows particularly during the validation period, in particular, year 2014 and 2015. The MannKendall trend test of observed annual streamflow during the simulation period shows statistically significant increasing trend (α < 0.05). Paradoxically, there is no significant trend of annual observed rainfall across the rainfall stations. Surface sealing and crusting of bare soils and soil compaction Fig. 3 Conceptual diagram for the precipitation-runoff modelling system (PRMS) (modified from Leavesley et al. 1983) over time by grazing in rangelands and pasture could reduce soil infiltration capacity and could result in increase in runoff. Land clearing in the upper Sand catchment has been raised as an issue (Wimpie van der Merwe, Soetdoring Groente, personal communication, 2017). Inadequate or decreasing spatial density of rainfall gauges may also result in increasing uncertainty in streamflow simulation. As noted in Henn et al. (2015) , this problem is more pronounced in mountainous regions due to the greater spatial variability of orographic precipitation and the general lack of meteorological stations at higher elevations. Further research is needed to understand the cause of increasing trend in streamflow in the Sand catchment.
MODFLOW-OWHM calibration and validation
In general, good agreements between simulated and observed groundwater levels in layer 2 were obtained (Fig. 5) , and the residuals are randomly distributed across the catchment (not shown) in agreement with recommendations by Hill (1998) . The specified likely parameter range and final calibrated values are presented in Table S7 of the ESM. The mean absolute error (MAE) and root mean square error (RMSE) between the observed and simulated water levels for the calibration period were 2.04 and 2.54 m, respectively. During the validation period, MAE and RMSE were 3.00 and 4.05 m, respectively. Figure 5 shows the observed and simulated water levels for four selected wells, and Table S8 of the ESM presents the MAE and RMSE for the same wells during the calibration and validation periods. These wells were selected due to their continuous and long-term observation records. In general, the model agreement with observations compares well with other related studies applying hydrogeological models, where there is significant water level difference in the model domain (Tiedeman et al. 2003; Jagelke and Barthel 2005; Cao et al. 2013) . Lack of some dynamics in simulated water levels could be due to lack of capture of recharge effects of large short-term precipitation events due to monthly inputs, and local effects or heterogeneities in the aquifer, which are not captured by the model. This includes heterogeneity in hydraulic properties and the specific effects of dikes, as well as focused recharge from depression storage features and farm ponds.
Water budget analysis
Water budget analysis for the entire model domain (Hout catchment) was carried out using ZONEBUDGET (Harbaugh 2009 ). The annual water budget of the model domain, consisting of the root zone, the groundwater component and the river system, for 2008-2015 hydrologic years (October-September), is presented in Table 2 . The mean annual water budget is presented schematically in Fig. 6 . The mean annual simulated evapotranspiration is about 91.9% of the mean annual rainfall over the study area, while the diffuse recharge and the mean surface runoff accounts for 3.3 and 4.4% of the annual rainfall, respectively. The river is losing overall, with a mean net flux from the river to the aquifer (focused recharge) of 4.7 ± 1.7 mm/year, or 1.1% of annual rainfall. Irrigation return flows are also small, 1.0 mm/year or 0.2% of annual rainfall, indicating that these flows are limited and with only local impact.
Estimated diffuse recharge rates during the simulation period range from 1.3 to 44.5 mm/year (a mean of 15.9 ± 15.7 mm/year, or of 3.3 ± 2.5% of annual rainfall). Recharge rate varies considerably between wet and dry years. As an example, during the dry hydrologic year of 2011/2012, abstraction exceeded recharge and groundwater storage decreased, while this was reversed during the subsequent wet hydrologic year. Abstraction was significantly negatively correlated with rainfall (R 2 = 0.87), indicating the indirect anthropogenic impact of drought on groundwater storage.
Evapotranspiration directly from groundwater is a significant component of the groundwater budget of the study area, accounting for 6.9 mm/year (17.0 × 10 6 m 3 /year), which is about 43.1% of the recharge. To verify the significance of the evapotranspiration from groundwater, the area subjected to evapotranspiration from groundwater was calculated for 1 month during the validation period (Feb 2015; section S12 of the ESM) and found to be 4,405 ha (1.8% of the catchment area). Evapotranspiration from groundwater mainly occurs along the river downstream of the Hout River Dam (Fig.  S12 of the ESM) , which is a temporal wetland. In comparison, the mean irrigated area during the simulation period for the dry and wet periods are 2,339 and 2,225 ha (0.9% of the catchment area), respectively (Table S4 of the ESM). This indicates that, although, evapotranspiration from groundwater may vary from stress period to stress period, the groundwater evapotranspiration area is roughly 0.97 times the total irrigated area, hence this component is significant to the overall water balance. After groundwater evapotranspiration, the second largest discharge component of the groundwater budget is irrigation abstraction (6.9 ± 0.9 mm/year).
Recharge simulated by the PRMS model ranges from 0 to 106.6 mm/year. The mean simulated recharge by PRMS is 39.0 ± 38.0 mm/year, and compares reasonably well with MODFLOW-OWHM results (Table 1) , within R 2 = 0.62. The mean simulated evapotranspiration by the PRMS model is 305.2 ± 70.5 mm/year, while MODFLOW-OWHM simulated evapotranspiration is 394.2 ± 86.1 mm/year. There is good correlation between the simulated evapotranspiration (R 2 = 0.78); however, the simulated mean evapotranspiration by the PRMS model is lower than the MODFLOW-OWHM. The mean streamflow stimulated by PRMS is 2.2 ± 1.5 mm/ year, while that of MODFLOW-OWHM is 14.3 ± 15.4 mm/ year. The correlation between the simulated runoff in the two models is reasonably good (R 2 = 0.71). The main reasons for higher simulated streamflow by MODFLOW-OWHM could be due to lack of accounting for soil moisture change and lack of representation of surface depression storage to account for part of the surface runoff that is detained in the dam and small farm ponds. MODFLOW-OWHM assumes steady-state soilmoisture storage within each time step. Recent studies by Dahlke et al. (2018) showed that for well-managed irrigated soils, change in soil-moisture storage is small; however, for native vegetation and dry-land farming, the assumption of steady state soil-moisture storage may result in poor approximation (Hanson et al. 2010) . In natural vegetation and dry land farming settings, ignoring soil-moisture storage change may result in underestimation of ET due to lack of carry-over of water storage in the root zone from one time step to the next. According to Hudson (1988) , for average rainfall years, soilmoisture storage change can be ignored in annual water budget calculations; however, ignoring soil-moisture storage change in catchment water budgets during extreme years (wet or dry) could have significant impact on catchment water balance. 
Discussion
Previous studies did not capture temporal (annual to decadal) variability in recharge and groundwater storage during wet and dry periods in the area. Vegter (1995) estimated recharge in the Mogwadi area to 8 mm/year on the basis of the effective rainfall concept; however, previously, Vegter (1992) estimated a recharge of 23.6 mm/year for Alldays, a town close to Mogwadi. According to Vegter (1992) , the reason for the wide-ranging estimates is the difference in transpiration losses between shallow-rooted Karoo and deeper-rooted Bushveld vegetation. Holland (2011) estimated recharge in the Mogwadi area using the chloride mass balance method to be 2 mm/year. In comparison, this study found diffuse recharge to vary from 1.3 to 44.5 mm/year, with a mean of 15.9 ± 15.7 mm/year. Annual recharge as a fraction of rainfall had a mean and standard deviation of 3.3 ± 2.5%. Both absolute and relative estimates for annual recharge confirm that recharge is highly variable (Xu and Beekman 2003) and not an approximate constant annual figure, not even a constant fraction of rainfall under these conditions (this study found the correlation (R 2 ) between recharge and rainfall to be 0.34), which has previously been put forward (DWAF 2006) . Long-term historical data from few monitoring wells in the hard rock formations (including well A7N0524 also shown in Fig. 7) indicate large decadal fluctuations in groundwater levels, reflecting shifts between periods of mostly negative accumulation of groundwater storage due to below-average precipitation and/or continuous or increasingly high abstraction rates, and infrequent periods of significant positive accumulation, influenced by short-term recharge events in response to larger rainfall/flooding events (e.g. in 2000, Fig. S7 of the ESM). During the simulation period, the groundwater storage change component had a mean and standard deviation of 6.0 ± 17.5 mm/year, indicating the highly dynamic accumulated effect of variable recharge and abstraction. From Fig. 5 , it is seen that the high rainfall years (2009-2010 and 2012-2013) gave rise to most noticeable increases in groundwater levels. Unfortunately, a longer simulation period, enabling the simulation of more extreme years, was not possible due to lack of long-term historic water level data. A mean actually irrigated area of 0.9% of the catchment area (irrigated during both wet and dry seasons) appears to be sustainable over the simulated period, as seen from long-term semi-stable groundwater levels and slight positive increase in groundwater storage, indicating a limited potential for irrigation expansion under given cropping and climate conditions. These average values, may however, mask local effects of over-abstraction, which were not analysed. The results are critical findings because recharge, as a relatively small but highly variable component of the water balance, is greatly important to the livelihoods and economics of the area. Variability and trends over the years in recharge, as affected by climatic variability, may impact negatively on the sustainability of the coupled human and natural system, indicating vulnerability of areas like Hout. This vulnerability is exacerbated by climate change and increasing human dependence on groundwater, illustrating the critical need for sound management of the resource, e.g. through proper land use management, irrigation planning, climate forecasting (Fallon et al. 2018) , and careful attention to water quality as well as development of additional/alternative water sources, e.g. through proper treatment and recycling of wastewater.
The mean annual simulated irrigation pumping for the period 2008-2015 was 6.9 mm/year (17.0 × 10 6 m 3 /year). The mean annual irrigation licensed volume (aggregated for all licensed farmers) for the same period, as obtained from DWS, was 11.3 mm/year (28.0 × 10 6 m 3 /year). This analysis shows that the licensed volume is almost twice the actual irrigation pumping calculated based on the optimal crop water requirements. The possible explanation for the two could be that farmers are abstracting less than their allotted amounts because of some constraints, or it could be that farmers were licensed more than what they need presently, in order to secure water for future agricultural expansion. If the first is the case and farmers pump less because of physical, chemical, or economic constraints in terms of accessing groundwater (Wimpie van der Merwe, Soetdoring Groente, personal communication, 2017), it indicates that licensed volumes are likely exaggerated in terms of what the aquifer can provide sustainably, even today. It is important to note that the irrigation pumping estimated in this study is conservative (i.e. on the high side) as it assumes groundwater-pumping equivalent to optimal crop irrigation requirements, which may not hold.
Integrated hydrogeological models are useful for analysing complex water resources problems (Refsgaard and Storm 1995) , but their trustworthiness strongly depends on the reliability and density of spatial and temporal data. The known sources of uncertainty in the present analysis are: (1) estimation of cropping area and their temporal and spatial variability using NDVI; (2) lack of observation well data across spatial and temporal scales for model calibration and validation; (3) lack of streamflow data and groundwater level data close to the river, which would help to better constrain streamflow routing and estimation of focused recharge from the river; (4) local scale heterogeneities that cannot be simulated using the EPM approach (Scanlon et al. 2003 ), e.g. the role of enhanced fracture zones associated to dike intrusions; (5) the impact of the Hout River Dam and small farm ponds; (6) short-term or episodic processes not represented due to the monthly stress period applied, and (7) lack of representation of soil-moisture storage change in the model. Regarding point 6, it is interesting to note that 2009-2010 was more extreme in terms of total rainfall (781 mm) compared to 1999-2000 (700 mm); yet the annual groundwater level increase in 2009-2010 in response to the wet season was less pronounced than that of 1999-2000 (Fig. 7) . This may be explained by the difference in short term (daily) rainfall intensity, where this was higher in 1999-2000 than in 2009-2010 (data not shown) . It has been shown that short-term intensive rainfall in arid areas can generate significant and higher than proportionally higher recharge relative to rainfall (Ahmed et al. Fig. 7 Historical water level in A7N0524 monitoring well and rainfall data since early 1970s. In the period between 1990 and 2000, the water level in this well showed a steady decline (about 6 m decline during this period). This persistent, multiyear decline in groundwater level is an indication that the level of pumping is not sustainable 2008). Regarding point 7, it is important to note that due to approximation of steady-state soil-moisture storage in the root zone for nonirrigated areas (mainly natural vegetation), the MODFLOW-OWHM model over-simulated streamflow. This may have little impact on simulated irrigation pumping and recharge, because, soil moisture variation in irrigated areas is expected to be small and recharge was constrained based on observed groundwater level data. However, to better simulate water resources in the catchment, especially streamflow, it is important to include soil-moisture storage change in the analysis.
Conclusions
To support the understanding of the hard rock aquifer system and to provide baseline information about the recharge, water balances, and aquifer dynamics in the Hout catchment to inform management, an integrated modelling approach including a 3D dynamic integrated hydrogeological model was developed and calibrated to observed groundwater level data and river discharge in the larger Sand catchment encompassing the Hout catchment. The calibrated model was used to compute an annual water budget for the hydrological system over the seven hydrologic years in simulation period [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . The results of the transient simulation indicate that diffuse groundwater recharge is a small component of the water balance (3.3 ± 2.5% of annual rainfall), while associated with high temporal variability, mainly due to variability in rainfall and groundwater abstraction. The estimated mean diffuse recharge during the simulation period was 15.9 ± 15.7 mm/year, and the mean groundwater storage change was 6.0 ± 17.5 mm/year. This reflects a human-natural system with high dependence on a highly variable resource, vulnerable to potential long-term negative recharge change trends due to climate change and increased dependence on the resource, despite a potential trend in climate-change-induced increasing risk of extreme rainfall events, which could enhance recharge, implying the need for pro-active groundwater management.
With regard to the licensing, farmers are abstracting less than their allotted amount. This is likely due to constraints faced in terms of accessing reliable and good quality groundwater, rather than choice, and illustrates that licensing could have been done based on overly positive assumptions of groundwater availability. Irrigation from only 0.9% of the catchment area appears close to the sustainability limit under present conditions. Interestingly, natural direct evapotranspiration from groundwater from a local wetland was found to be the main water discharge component of the groundwater system. Further research is recommended to investigate local processes controlling focused recharge and the impact of episodic precipitation and flooding events on recharge. In general, the modelling approach proved to be useful, and the methodology is suitable to irrigated hard rock areas in semiarid and arid areas, where hitherto relatively limited integrated dynamic modelling has been conducted (Dewandel et al. 2006) .
In order to further apply the model in a management context, it is crucial to sustain and expand groundwater, rainfall and streamflow monitoring, with a focus on broad coverage of the catchment as well as more intense monitoring in hotspot (intensive abstraction) areas and close to the stream. It is critical to further assess the sensitivity of recharge and groundwater storage to various scenarios of climate change and future changes in land use and groundwater abstraction. With improved data coverage and simple seasonal climate forecasting (Fallon et al. 2018) , the model could be applied in a near real-time mode, as a means to supporting irrigation and cropping planning. Water quality aspects also need to be addressed going forward.
The methodology developed in this study is applicable to irrigated areas in semi-arid regions. Of particular interest is the use of remote sensing data, in particular to provide timely information on often lacking data on irrigated area and agricultural water use over large areas.
